ABSTRACT FAVERO, MARTIN S. (Communicable Disease Center, Phoenix, Ariz.), AND CHARLES H. DRAKE. Factors influencing the occurrence of high numbers of iodineresistant bacteria in iodinated swimming pools. Appl. 1966.-It has been shown that, although iodinated swimming-pool waters are usually free from coliform bacteria and enterococci, the total counts frequently become relatively high. Pseudomonas alcaligenes and Alcaligenes faecalis have been shown to account for most of these high counts. It was of interest, therefore, to compare the microbial flora of four alternately chlorinated and iodinated swimming pools. By means of the membrane filter method and suitable selective media, examinations were made for total viable counts, coliform bacteria, enterococci, staphylococci, Streptococcus salivarius, and P. aeruginosa. Colonies also were picked from membrane filters incubated on standard plate count agar and identified. The results showed that, although viable counts were significantly higher during the iodinated periods, the specific types of bacteria determined were either fewer than or the same as in chlorinated periods. During chlorination, the predominant microbial flora consisted of staphylococci and members of the genus Bacillus. During iodination, however, the P. alcaligenes-A. faecalis group accounted for 92 to 99% of the microbial flora. The accumulation of high numbers of these bacteria was shown to be due to their iodine resistance and their ability to grow rapidly in pool water in the absence of free iodine.
Iodine has been used extensively since 1900 for a variety of disinfection purposes. However, it has been only within the last 10 to 20 years that it has been used for the disinfection of swimming pools. H. C. Marks and F. B. Strandskov (U.S. Patent 2,443,429) first described a system by which iodination could be applied. This system is based on the fact that iodide ions in the presence of available chlorine are oxidized to free iodine (12 and HIO). The unique property of this type of iodination system is that the active disinfectant, free iodine, is constantly regenerated. Free iodine is reduced to the iodide state when it comes into contact with microorganisms or other organic matter. The iodide ions are then reoxidized to free iodine by available chlorine. This cycle continues as long as there is an excess of available chlorine. The chlorine functions primarily as a producer of free iodine rather than as a microbicide.
Several investigators have shown that iodine is equal to or more effective than chlorine as a swimming-pool disinfectant (1, 2, 3, 5, 13, 14) . In these studies, criteria for the sanitary quality of swimming pools were the standard plate count, numbers of coliform bacteria, and, in some cases, numbers of enterococci.
Favero and Drake (6) previously reported on the comparative microbial flora of a variety of chlorinated and iodinated swimming pools. Because data consisting only of coliform and standard plate counts provide little information about the sanitary quality of swimming-pool waters (7) , tests were made for the presence of a relatively wide spectrum of microorganisms. In addition to testing for coliform bacteria and enterococci, determinations were made for staphylococci, Streptococcus salivarius, and Pseudomonas aeruginosa. The results showed that the numbers of these bacteria were consistently 6FAVERO AND DRAKE lower during the periods of iodination. It was observed, however, that the total counts were significantly higher in iodinated than in chlorinated pools. The total counts in iodinated pools gradually increased and appeared to be independent of the bathing load and the concentration of free iodine. The large population of iodine-resistant microorganisms was identified tentatively as P. alcaligenes (P. Ikari and R. Hugh, Bacteriol. Proc., p. 41, 1963) .
The purpose of the present study was to compare the predominant bacterial flora of iodinated and chlorinated swimming pools, and to determine the factors which enable high numbers of P. alcaligenes to persist in the presence of relatively high concentrations of free iodine. (11) .
In several experiments, the fate of the high numbers of P. alcaligenes and A. faecalis in swimming-pool water was determined. Duplicate 2-liter samples of iodinated swimming-pool water which had been free from bathers for at least 12 hr were collected in sterile, iodine-demand-free, brown-colored bottles. To one of the bottles, 5 Table 2 shows the various levels of specific microorganisms in the four pools during chlorination and iodination. The numbers of staphylococci, enterococci, S. salivarius, and coliforms during periods of iodination were usually lower than or the same as those during chlorination. However, the viable counts were consistently and significantly higher during iodination in all four pools.
Early in this study, it was noted that the viable counts increased progressively in iodinated swimming pools. This phenomenon was not accompanied by an increase in bathing load or a decrease in free iodine concentrations. After several months, it became apparent that approximately 99% of this high viable count was due to bacteria which were physiologically identical to A. faecalis. However, staining by Leifson's (11) method revealed that the cells had a polar flagellum, which places them in the order Pseudomonadales. These observations were confirmed by electron micrographs. We identified these organisms as P. alcaligenes, according to P. Ikari and R. Hugh (Bacteriol. Proc., p. 41, 1963). The identification was confirmed by R. H. Hugh of George Washington University (personal communication).
P. alcaligenes grows well on ordinary media and also on Leifson's deoxycholate agar in 24 hr. A distinctive pigment was never observed on any medium. The following physiological tests were positive: catalase, indophenol oxidase, and Simmons' citrate. The following carbon sources were not attacked as determined by the method of Hugh and Leifson (9): arabinose, xylose, fructose, glucose, sorbitol, cellobiose, dulcitol, galactose, inositol, lactose, maltose, mannose, mannitol, melibiose, salicin, sucrose, trehalose, inulin, melezitose, and raffinose. The organism grew in potassium cyanide broth, and produced a strong alkaline reaction in litmus milk. Gelatin was not hydrolyzed, and 2-keto gluconate was not formed from gluconate (8) . The optimal growth temperature was 35 to 37 C.
To obtain qualitative and quantitative data concerning the comparative microbial flora of iodinated and chlorinated pools, colonies were routinely picked from membrane filters incubated on plate count agar. For each sample tested, 10 to 15 representative or consecutive colonies were examined and identified. Table 3 contains the average data from two indoor pools, 3 staphylococci and Bacillus species. During iodination, however, the predominant flora was the P. alcaligenes-A. faecalis group. Pool 3 was iodinated for 4 months, and then chlorinated for an equal period of time without changing the pool water. A period of 3 to 4 weeks was required to completely rid the pool of these organisms. This accounts for the relatively high number of the P. alcaligenes-A. faecalis group present during the chlorination of pool 3. The data in Table 4 With respect to the source of these iodineresistant organisms, Marshall et al. (13) noted that when the main recirculation system of an iodinated pool was cross-connected to waste drains situated along the deck of the pool the viable counts increased. They suggested that the waste drains served as a reservoir of contamination of these organisms, and that if the crossconnection could be eliminated the high concentration of iodine-resistant bacteria would decrease. This hypothesis could not be confirmed in the present study. Although one of the indoor pools (pool 3) had such a cross-connection and the other (pool 4) did not, high plate counts were observed in both pools during iodination.
Studies of the pressure sand filtration system of pool 4 indicated that the P. alcaligenes-A.
faecalis group was probably able to grow within the sand filters. Examination of the pool water immediately before it entered the filter and immediately after it had passed through showed that the viable counts were higher in the water coming out of the filter. On one occasion, the viable count of the water was 3,000 cells per milliliter going into and 30,000 cells per milliliter coming out of the filter. This seeding of the swimming-pool waters could account for a gradual increase in the viable count.
The results of the series of tests done to determine whether the P. alcaligenes-A. faecalis group could grow in swimming-pool water are presented in Fig. 1 and 2 . Figure 1 shows that the initial number of viable organisms was approximately 3,200 per milliliter in both the control, which contained no free iodine, and the flask which contained free iodine. The initial free iodine concentration was 0.2 ppm. In 2 hr this concentration decreased to zero. At this Figure 2 illustrates the same type of results c as in Fig. 1 . In this case, however, the initial free iodine concentration was 0.8 ppm, which is twice the concentration recommended for pools. This concentration decreased to zero after 36 104 hr, at which time the organisms started to grow at almost the same rate as those in the control system. It is also apparent that the microbial population was very iodine-resistant. in dehalogenated swimming-pool water was much more iodine-resistant than the same strain grown in Trypticase Soy Broth. When P. alcaligenes was suspended in filter-sterilized swimming-pool water rather than buffered distilled water, the organisms were even more iodineresistant. A strain of P. alcaligenes which was isolated in pure culture by means of the tube dilution technique and never exposed to artificial media appeared to be slightly more resistant than the latter strain. Cultures of P. alcaligenes grown in filtersterilized swimming-pool water were more resistant to iodine than cultures of Staphylococcus aureus, Escherichia coli, and P. aeruginosa grown in Trypticase Soy Broth. However, when all four species were grown in Trypticase Soy Broth, S. aureus was the most resistant to iodine, followed by E. coli and P. aeruginosa. P. alcaligenes was the least resistant to iodine under these conditions. This phenomenon, which was observed repeatedly, raises the question of the validity of most standard procedures presently used to test the comparative resistance of bacteria to halogens and other disinfectants. These tests are performed with organisms grown on standard culture media. The fact that is overlooked is that some bacteria in a natural environment or specific ecological niche may be more resistant to some disinfectants than the same bacteria grown on artificial media. It is suggested that more emphasis should be placed on actual use tests when determining the effect of disinfectants on microorganisms.
DISCUSSION
It is evident from these results that iodine is an efficient microbicide in swimming pools. Iodine appeared to be more effective than chlorine against both the standard fecal indicators, coliform bacteria and enterococci, and against staphylococci derived from the mouth, nose, and skin. This may be explained partly by the fact that high iodine concentrations were easily maintained, and that bathing load, sunlight, and presence of organic matter had less of a depleting effect on the iodine concentrations than on the chlorine concentrations.
The significance of relatively high viable counts in the iodinated pools is difficult to assess. Obviously, the P. alcaligenes-A. faecalis group in the swimming-pool environment was able to withstand free iodine levels that were bactericidal to the indicator organisms used. A relatively high density of iodine-resistant nonpathogenic bacteria in swimming pools probably is not especially significant with respect to human health. However, such high viable counts are undesirable for a number of reasons. The possibility, however remote, that these microorganisms are potential pathogens cannot be overlooked (17) . Also, it has long been the tradition for sanitary microbiologists to use the viable count as a means of evaluating contamination in many systems including swimming pools. Consequently, these high viable counts would interfere with the interpretation of tests now used by public health officials to evaluate the sanitary quality of swimming-pool waters.
The fact that high viable counts did not occur until after iodination had been in use for a period of time suggests that the P. alcaligenes-A. faecalis group was either naturally iodine-resistant, or that iodine-resistant mutants were being selected for and were accumulating in these pools. However, the data illustrated in Fig. 1 and 2 indicate that high concentrations of these organisms are due, probably, to growth in the pool water in the absence of, or with very low concentrations of, free iodine. In addition, the data in Table 5 demonstrate that the growth environment is a most important factor. If iodine resistance is genetically determined, the growth environment should not be an essential factor, although small differences in iodine resistance might be evident. Consequently, the data lead one to the conclusion that iodine resistance of P. alcaligenes is due to both environmental and genetic factors, and that their high numbers are due primarily to growth and not the constant introduction into the pool by bathers.
The more basic question as to why P. alcaligenes becomes more sensitive to free iodine when grown in a rich medium than the same strain grown in swimming-pool water is difficult to answer. One would expect the reverse situation to occur. Milbauer and Grossowicz (15) showed that cells of E. coli were much more sensitive to chlorine when grown on a glucose mineral salts medium than when grown on nutrient agar. Since filter-sterilized dehalogenated swimming-pool water could be considered as a minimal medium, it would be expected that cells of P. alcaligenes grown in this environment would be less iodine-resistant than those grown in Trypticase Soy Broth. The authors are unable to formulate an explanation of this phenomenon that would be compatible with information already known concerning halogen resistance.
Throughout most of this study it was assumed that the physiology of P. alcaligenes and A. faecalis was similar if not identical, since both organisms gave the same biochemical reactions. However, there is some recent evidence which suggests that this may not be the case. Koontz and Faber (10) in a study of nonfermenting gram-negative bacteria showed that, although P. alcaligenes and A. faecalis exhibit similar biochemical reactions, they are not related serologically. There were no cross-reactions with either flagellar or somatic antigens. These authors apparently were not aware of the report of Ikari and Hugh (Bacteriol. Proc., p. 41, 1963), and did not refer to the organisms as P. alcaligenes. However, from the biochemical and morphological data given in their paper, it is evident that the organisms were indeed P. alcaligenes.
Presently, the only way to distinguish P. alcaligenes from A. faecalis is by observing the type of flagellation. R. B. Sack and E. L. Oginsky (Bacteriol. Proc., p. 32, 1959) have suggested that use of 5-hydroxyindole as a nutrient by A. faecalis may be a species characteristic. One of the present authors (C. H. D.) has shown that one strain of A. faecalis can use gluconate as a sole carbon source, whereas P. alcaligenes cannot. This was determined by using a mineral salts gluconate medium containing a pH indicator. If this holds true for other strains, it may provide a simple way to differentiate the two species.
